Abstract Histone acetylation is a critical process in the regulation of chromatin structure and gene expression. Histone deacetylases (HDACs) remove the acetyl group, leading to chromatin condensation and transcriptional repression. HDAC inhibitors are considered a new class of anticancer agents and have been shown to alter gene transcription and exert antitumor effects. This paper describes our work on the structural determination and structure-activity relationship (SAR) optimization of tetrahydroisoquinoline compounds as HDAC inhibitors. These compounds were tested for their ability to inhibit HDAC 1, 3, 6 and for their ability to inhibit the proliferation of a panel of cancer cell lines. Among these, compound 82 showed the greatest inhibitory activity toward HDAC 1, 3, 6 and strongly inhibited growth of the cancer cell lines, with results clearly superior to those of the reference compound, vorinostat (SAHA). Compound 82 increased the acetylation of histones H3, H4 and tubulin in a concentration-dependent manner, suggesting that it is a broad inhibitor of HDACs.
Histone acetylation is a critical process in the regulation of chromatin structure and gene expression. In general, histone acetyltransferases (HATs) transfer acetyl groups to aminoterminal lysines in histones, which results in local expansion of chromatin and increases the accessibility of regulatory proteins to DNA, whereas histone deacetylases (HDACs) remove the acetyl groups, leading to chromatin condensation and transcriptional repression 1, 2 . HDAC inhibitors are considered as a new class of anticancer agents and have been shown to alter gene transcription and exert antitumor effects, such as growth arrest, differentiation, apoptosis and inhibition of tumor angiogenesis. The reported HDAC inhibitors include hydroxamates, benzamides, cyclic peptides, thiols and sulphamides, some of which have been approved for use, such as Vorinostat (SAHA) 3 Based on the screening results, the scaffold of tetrahydroisoquinoline ( Fig. 1) was selected for further optimization.
The synthesis route is outlined in Scheme 1. The starting material phenethylamine was treated with methyl chloroformate and the intermediate product underwent cyclization to give 2. different bromides to obtain 6-31, which were further modified through the Heck reaction with methyl acrylate to yield compounds 32-57. These compounds reacted with hydroxylamine in methanolic solution to afford the desired compounds 58-83 9 . Compound 88 was prepared following the steps in Scheme 2. 6-Methoxy-3,4-dihydroisoquinolin-1(2H)-one and benzyl bromide were treated with NaH to give compound 85, which was demethylated in the presence of BBr 3 to yield compound 86. Compound 86 was treated with trifluoromethanesulfonic anhydride to give the corresponding ester which was further modified in the Heck reaction with methyl acrylate to yield compound 87. Compound 87 reacted with hydroxylamine in methanolic solution to afford the desired compound 88.
The N-hydroxyacrylamide moiety can link to the tetrahydroisoquinoline ring at different positions. At the beginning we intended to investigate the impact of different positions of modification on activities (Table 1) . When substituted at the 7-position, the compound (58) yielded slightly better results than the corresponding modification at the 6-position on the three tested members of HDACs (HDAC 1, 3 and 6). Thus we chose 7-position for further derivatives.
The benzyl group of 58 is hypothesized to be the CAP region. As the known HDAC inhibitors differ greatly in this moiety, we introduced different kinds of fragments to this region including substituted benzyl groups, alkyl groups and cycloalkyl groups for preliminary structure-activity relationship (SAR) information (Table 2 ).
All the compounds with different kinds of R groups exhibited inhibitory activity with HDAC1, 3, and 6. Longer linear alkyl groups showed a small decrease in activity (62). Cycloalkyl groups (63, 64) showed activity equivalent to that of the benzyl groups. Compounds with electron-withdrawing or electron-donating substitutions on the benzyl groups demonstrated similar activities on HDAC1, 3, and 6. However, when two methyl groups were introduced (71) the IC 50 of HDAC1 was increased up to 80 nmol/L while IC 50 of HDAC6 decreased to the mmol/L level. As reported, there are residues that may produce π-π stacking interactions with the CAP region [10] [11] [12] . Thus we chose 58 as the hit compound to elaborate the impact of subtle modifications to the phenyl ring (Table 3) .
When the phenyl ring was substituted by a pyridyl group (72), the inhibition of HDAC1 decreased markedly. When another phenyl ring or pyridyl ring was introduced to the 4-position of the benzyl group (74-76), the compounds maintained inhibitory activity, superior to that obtained with the substitution in the 2-position (77). When two more carbon atoms were introduced between the benzyl group and the tetrahydroisoquinoline ring (79) All assay data are reported as the average of at least two measurements.
the inhibition on HDAC1, 3 and 6 increased and became equivalent to marketed drug SAHA. As compound 79 showed activity comparable to SAHA, it was evaluated for its effect on cancer cell proliferation. Seventeen cell lines were tested. Most of the IC 50 values were less than 5 mmol/L and some of them were less than 1 mmol/L. Compound 79 showed inhibition equivalent to that of SAHA (Table 4) 13 . The introduction of the phenylpropyl group enhanced the activity and showed stronger inhibition than that of SAHA, which made compound 79 a promising compound for further investigation. Several substitutions were introduced in the phenyl ring (Table 5) . Substitutions in the 4-position made an obvious improvement in the inhibition of HDAC1 and 3, and the IC 50 of 81 and 82 was less than 100 nmol/L. Compound 82, together with 79 and SAHA were submitted to testing on a panel of cancer cell lines for comparison (Fig. 2) .
As illustrated in Fig. 2 , Compound 82 strongly inhibited the proliferation of all 8 cell lines, which was clearly superior to SAHA. The introduction of a methoxy group in the phenyl ring also enhanced the activity as compared to compound 79.
One of the important functions of HDACs is to deacylate histones and thereby suppress gene expression. As reported, SAHA increased the acetylation of histone H3, H4 and tubulin after 24 h treatment in HCT-116 colorectal cancer cells. Compound 82 also increased the acetylation of histones H3, H4 and tubulin in a concentration-dependent manner (Fig. 3) , confirming that it is a pan-inhibitor of HDAC.
In summary, the scaffold of tetrahydroisoquinoline was selected from our previous work and submitted for SAR investigation. The linkage between N-hydroxyacrylamide and the tetrahydroisoquino line ring was better at the 7-position than the 6-position.
Compounds with a phenylpropyl group in the CAP region exhibited good activities on HDAC1, 3 and 6, and further modification of the phenyl group gave compound 82, which showed excellent HDAC inhibition and strong inhibition of proliferation of several cancer cell lines. All assay data are reported as the average of at least two measurements.
